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Abstract

A measuremenf the inclusive crosssectionfor productionof isolatedphotonsis
presentedor trans\erseenegiesin therangeof 23—300GeV for the centralregion
pseudorapidityf || < 0.9. Theresultsarebasedn adatasampleof 325.9pb~! of
integratedluminosity accumulatealuring 2002—2004in pp collisionsat /s =1.96
TeV and recordedwith the D@ detectorat the Fermilab Tevatron Collider. The
obtainedresultsarecomparedvith the next-to-leadingorderQCD predictionsusing
CTEQ6.1MandMRST2004partondistribution functions.
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1 Intr oduction.

The productionof isolatedphotonsin high enegy hadroniccollisions hasbeenstudiedinten-
sively atexperimentd1, 2, 3, 4, 5, 6, 7] andtheoretically(seefor example[8, 9, 10, 11,12,13,
14, 15,16, 17, 18]) duringthelast20 years.

In high enepgy pp collisionsthe dominantsourcefor productionof photonswith moderateand
high transversemomentump is direct (or prompt) photons. They arecalleddirectsincethey
are produceddirectly from parton-partoninteractionsandnot from the hadrondecayssuchas
7% n, K%). Thesephotonscome unalteredfrom the hard processand thereforecan give us a
cleantestof the hardscatteringdynamics.In theregionup to p;. ~ 150 GeV thedirectphotons
aremainly producedhroughthe Comptonscattering; + g — ¢ + v " andthustheir production
crosssectionis sensitve to thegluondensityinsidethecolliding hadrons A high centerof mass
enegy at Tevatronandthe statisticsaccumulatecturrentlyin Runll allows usto testQCD and
gluondistributionin theregion of large Q? (1 orderof magnitudehigherthanreachecat HERA)
andwiderangeof z.: 0.02 < x; < 0.30. This processs complimentaryto deepinelasticscat-
teringandto 'W/Z + jet’ production.The measurementsf isolatedphotoncrosssectionalso
allows testingthe next-to-leadingorder(NLO) andresumedQCD calculationsphenomenologi-
cal modelsof gluonradiation,studiesof photonisolationandthe fragmentatiorprocess.

Photonidentificationis freefrom the uncertaintiecausedy the partonfragmentatioror by ex-
perimentaissuegelatedto jet identificationandenegy measuremerdandthushasanadwantage
overjet productionmeasurement.

In addition, photonsin the final statemay be animportantsign of new particlesand/orphysics
beyondthestandardnodel. Thus,first of all, it is usefulandnecessaryo studyandto understand
the“conventional”’sourcef photons.

This notepresents first measuremerntf the crosssectionfor productionof isolatedphotonsin
pp collisionsat /s =1.96TeV (Runll) in the centralpseudorapidityegion of || < 0.9 ? and
coversamuchwider p; rangethanRun| measuremenist CDF [3] andDd [4].

2 Datasample.

For the analysiswe usedatapreselectedy CommonSamplegroup accordingto the’l EM’
skim definitionwith thefollowing criteria[22]:

e EM object|/D| = 10, 11;
e pr > 15 Ge\.

1) while for higherp,. theannihilationprocess; +¢ — g+~ becomeslominating(seee.g.[14]). Recent
CDF data[19], calculationwith DIPHOX packagecomparedvith preliminaryRun| DO data[20] as
well asestimationdonewith PYTHIA eventgeneratoshav thatrelative contrikution from diphoton
productionis smallenough(< 1%).

2) pseudorapiditys definedasn = —In tanf /2, whered is the polar anglewith respecto the proton
beam.
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The analyzeddatacorrespondo the time periodfrom August2002to June2004andcombine
theruns161973-1945661 globaltriggerversionsof v8—12.

Runsin the datasamplearerequiredto be declaredasGOOD or REASONABLE by all quality
groupsexcludingjust CTT andMUON groups.

The datahave beenselectedby a combinationof the unprescaledfor a given run) triggers®
from thelist:

EM_HI_SH || EM_HI || EM_MX_SH || EM_MX in triggerversionsv8-11 and

E1_SHT20 || E1_SH30 || E1_L50 in triggerversionv12.

Justeventsfrom good luminosity blocks aretaken, (i.e. all the non-normalizablduminosity
blockswereexcludedfrom theanalysis).In addition,luminosity blockswhich weretroubledby
transientproblemsin calorimeterandidentifiedasbadby JET/MET groupsareremoved. After
applyingall thecriteriadescribedaborve, theintegrateduminosity of thedatasets 325.9+ 21.2
pb~! [23].

3 Selectioncriteria.

Photoncandidatesvereidentifiedin the D@ detector{24] asisolatedclustersof enegy deposi-
tionsin the uraniumandliquid-argon samplingcalorimeter The electromagneti€EM) section
of the calorimeteris sggmentedongitudinally into four layers(EM1-EM4) of 2, 2, 7, and 10
radiationlengths respectrely, andtrans\erselyinto cellsin pseudorapiditandazimuthalangle
An x A¢ = 0.1 x0.1(0.05 x 0.05 in EM3). In addition,theclustermayalsocontaintheenegy
depositedn the hadronicportion of the calorimeterdocatedafterthe EM one[24].

To selectphotoncandidatesn dataand Monte Carlo (MC) we have usedthe following selec-
tions:

¢ CommonSamplegrouppreselectiortuts(section2).

& Primaryvertex (PV) selection:The eventvertex wasrequiredto be within 50 cm of the nomi-
nal centerof the detectoralongthebeam(| Z,..| < 50 c¢m) andshouldhave atleast3 associated
tracks.

Main photonic criteria:

<> EM objectis reconstructedby simpleconealgorithm[22].
¢ Justcentralphotonsareconsideredvith |7geiector| < 0.9.
¢ To avoid inter-calorimeteboundariesandcracksEM fiducial cutsareapplied[22]

> Eachcandidatevasrequiredto depositmorethan95% of the detectecenegy in the EM sec-
tion of the calorimeteEMfrac > 0.95)

¢ andto beisolatedin the annularregion betweenk = /An? + A¢? = 0.2 andR = 0.4
aroundthegravity centerof thecluster:/so(AR02) < 0.10. Here

3) A moredetaileddescriptioncanbe foundin section4.2.1
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Iso(AR02) = (EisoTot — EisoCore)/FEisoCore, where EisoT ot is overall (EM+hadronic)
towerenegy in (n, ¢) circleof R = 0.4 andEisoCore is EM towerenegy in circleof R = 0.2.

<> Probabilityto have ary track spatiallymatchedo the EM clusterin the eventwasrequiredto
bebelov 0.001.

<{> We alsorejecteventshaving too large missing £, by thecut E"** /p]. < 0.7.

Additional selection variables/criteria.

Many other selectioncriteria were studiedand testedfor photonidentification[27, 28]. The
following variablesturnedout to be most efficient and consistentfrom the point of view of
testingthemonthe 7 — ee events:

& neell _EM1 (EMclust) — numberof cells thatbelongto the EM cluster arein EM1, and
haveacell enegy F..; > 0.4 GeV.

& neell_ EM1 (AR02) — numberof cellswith the above criteriaandwithin thering of AR =
0.2—-04.

& sum_track PT (AR04) — scalarsumof tracktrans\ersemoment&(py’) in thering of 0.05 <
R < 0.4. Herewe consideronly the tracksthat are producedwithin 2 cm from the primary
vertex of theeventandhave p. > 0.3 GeV.

& sigrphi E M3 — enegy weightedEM clusterwidth in » x ¢ in EM3 layer[22].

4 Calculation of crosssection.

Theinclusive photoncrosssectionwasobtainedoy therelation:

= 1
dpy dnY Ly Ap) An7 A€ €5 (1)

where

N is numberof photoncandidate$n the selectedsample;

P is photonpurity (or fractionof singlephotonsin the sample);

funsm 1S UNSMearingorrectionfactorcausedy finite enegeticresolutionfor EM objects;
L is theintegratediuminosity;

Apy;. andAn? arethebin sizesin trans\ersemomenturmandpseudorapidity;

A is thegeometricacceptance;

¢; is thetriggerefficiency;

¢s IS theefficiengy of selectiorcriteria.

4.1 Electromagneticjets.

Unfortunatelyfor Monte Carlo studies,only about5 out of 10,000QCD jets survive loose(and
basic)photonID cuts(suchasEMfrac > 0.90, Iso(AR02) < 0.15 and“No track matched”).
To applytighter cutsandto still have statisticssufficient for the analysis(e.g. for estimationof
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Figure 1: Distributions over characteristiovariablesand position of cutsto selectem-jetsare
shawn. A caseof thefull MC generatiorof ' y%+jet” eventswith p ™" = 40 GeVis considered.
Theshawn cut positionis slightly depend®n the minimal partontrans\ersemomentuny .
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backgrouncefficiency andpurity) we needr - 10 QCD events. Thisis, of coursetootime and
CPU consuming.The solutionis, asin Run|l, a preselectioron generatoievel quantitiesand
reconstructiorof justelectromagnetigets (see[4]).

A studywasperformed(in earlierrelease-grsions:p10.14.xx,p13.06.xxwhich had sufficient
statisticsof QCD MC events)onjetswhichwereidentifiedasEM objectspassingeMfrac> 0.90,
Iso(AR02) < 0.15. Somecharacteristigeneratotevel variableswereidentified. Thesevari-
ablesinclude

e maximalp). in R < 0.2 — pr of the most-enegetic photon/electrornin thering of R = 0.2
(R0O2)aroundcenterof gravity of EM cluster;

e sPT(R < 0.2)/p ™™ — pr scalarsumof all particlesin R02 divided by maximalp; of afinal
statepartonin the hardinteraction;

e sPT(R <0.2).,/sPT(R < 0.2) —asabove but juste/mparticlesareconsideredn R02;
e sPT(R < 0.2)n4/sPT(R < 0.2) —asabove but justhadronsareconsideredn R02;

e sPT(AR02)/sPT(R < 0.2) — py scalarsumof all particlesin thering of AR = 0.2 around
EM clusterdividedby sPT (R < 0.2);

e sPT(AR05)/sPT(R < 0.2) —samefor abiggerring of AR = 0.5;
e N.,(R < 0.2) —numberof chagedparticleswith p; > 1 GeVin R02;
e maximalhadronp; in R02 — p; of themostenegetichadronin R0O2.

Distributionsof thosecharacteristivariablesandpositionof cutsto selectem-jetsareshavn in
Fig. 1. Thisis shavn for the full MC generatiorof '%"+jet’ eventswith p "™ = 40 GeV, and
thecut positiononly slightly depend®n the minimal partontrans\ersemomentuny ™.

After applicationof the found cutsthe QCD (in fact, EM) jetsin the coneof R = 0.7 were
formed, written to a file andthenfully simulatedby the package®@Gstar[30], DASim, and
D@Reco.

About 10° em-jeteventsweregeneratedor 17 p; intervalsfrom 23to 300 GeV to studyback-
groundrejectionsandphotonpuritiesafterthe usedcuts.

We have classified(and simulated)threeseparateypesof em-jets: 7°-, n- and (K? + w)-em-
jets. Theseareclassifiedaccordingto the particlethatinducethe em-jet(i.e. the mostenegetic
particlein thecoreof em-jetwith atleastonephotonin thefinal state)[27]

4.2 Calculation of efficiencies.
4.2.1 Trigger efficiency

All of the eventsin this analysismust have fired one of the unprescaleaingle high p; EM
triggers.For global CMT triggerversionsrom 8to 11 (runs< 178721)the possibletriggersare
EM_HI_SH|| EM_HI || EM_MX_SH || EM_MX. For global CMT triggerversion12 (runs>
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EM_HI_SH || EM_HI || EM_MX_SH || EM_MX: efficiency vs Pt for CC
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Figure 2: Trigger efficiengy as a function of p; for the trigger combinationEM_HI_SH ||
EM_HI || EM_MX _SH || EM_MX. The fitting function aswell asthe relative fit errorsfor
somepointsareshovn ontheplot.

178721)it is E1L_SHT20|| E1_SH30]|| E1_L50.

TriggerEM _HI_SH(EM _HI) atlevel 1 requiresonecalorimeterEM triggertowerwith pr >10
GeV atlevel 2 requiresoneEM candidatewith p; >12 GeV andat level 3 selectsEM clusters
with p; >20 (30) GeV satisfyingtrans\erseshover shaperequirementsTriggerEM_MX _SH

(EM_MX) differs in that the level 1 requirementis one calorimeterEM trigger tower with

pr >15GeV.

TriggerE1l SHT20(E1_SH30)atlevel 1 requiresonecalorimetelEM triggertowerwith p, >11
GeV, hasno limitations at level 2 and at level 3 selectsEM clusterswith p; >20 (30) GeV
satisfyingtight (loose)shaver shapeaequirementsEl L50 differsfrom E1_SH30by selection
of EM clusterswith p; >50atlevel 3.

Sincewe preferto usethedatato calculatetheefficienciesof thetriggercombinationgandsince
thereis no a sourceof pure photonsin data)andwe believe thatthe calorimeterbasedtrigger
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E1 SHT20 || E1_SH30 || E1_L50: efficiency vs Pt for CC
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Figure 3: Trigger efficiengy as a function of p, for the trigger combinationE1_SHT20 ||
E1 SH30|| E1 L50. Thefitting function aswell asthe relative fit errorsfor somepointsare
shonvn ontheplot.

requirementgor an electronshouldequallyapply to a photon,we useZ — ee events?. To
estimateefficiengy of the trigger combinationsys. pr, thetagandprobemethod[29] hasbeen
used,the found pointsaswell asthe fit parametersare shavn on Figs. 2 and 3 for the global
triggerversionsy8—11landvl2respectrely. Thefoundfit with theerrorswill beusedin formula
(1) to calculatethe crosssection.

4) |n addition, sincethe numberof radiationlengthsin Run |l in CC region beforecalorimetervaries
as3.5-5.5X for (thelarger the larger n) the differencesbetweenelectronand photonshouldeven
smaller
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4.2.2 Acceptance.

The acceptancel takesinto accountthe eventslost dueto variousgeometricselectioncriteria

which areaimedat keepingjust EM clustersin thefiducial regionsin  and¢ of the calorimeter
(i.e. to avoid inter-calorimetersectionboundariesand edges)[24] wherewe bestunderstand
them.

The acceptancés calculatedirst from MC “~1%" +jet” events. First, we selectdirectphotonsin
differentp]. intervalsthathave || < 0.9 onthe particlelevel. We chosethe reconstructedeM
clusterto bein the samep). interval ® andin correspondencwith the photonby requirement
R < 0.25 whereR is adistancan then — ¢ spacebetweerphotonandEM cluster Acceptancés
definedfor agivenp,. interval asafractionof generate@ventsN,.,, thatpasswo reconstruction
level CUtS Nyuss: [14e:| < 0.9 andEM fiducial cuts

Npass

A(APt) = (2)

gen

For awide rangethefoundfrom Monte Carloacceptancagreesvith theconstand.784 +0.003.

Unfortunately it turnedout that Monte Carlo simulationdoesnot reproducecorrectly enegy

lossesin the cracksbetweenazimuthalmodule boundarieg25]. A particle that entersthe
calorimetemearthe boundarylosessomepartof its enegy to the crackswhich shift the cluster
centroidin phi towardscenterof the module(i.e. to a good phi fiducial region). To checkMC

descriptionof enegy lossesearthe phi crackswe have considered” — ee eventsin MC and
datathatsatisfycriteria: 86 < M, < 97 GeVI&, Iso(AR02) < 0.10, EMfrac of e* is greater
0.95 andeache® hasspatiallymatchedrackwith probability > 0.1. Fig. 4 demonstrateshifts
of electronphi clusterpositionout of the phi cracksto the centerof phi modules(Herephimod

is definedasphi « 16/ % 1.0). In datathis shift is moreandthusa larger (thanin MC) fraction
of electronsareascribedo a goodfiducial region.

Fig. 5 presentsmiormalizeddistributionsof thenumberof eventsover calorimeteEM3) phimod.

Threeconsideredcasescorrespondo electronsfrom Z — ee in MC (red), data(blue) andto

MC photons(purple). Onecanseea differencein the fraction of eventsin MC anddataon the
edgesof phi modules(phimod < 0.1 or > 0.9). Fig. 6 shaws efficienciesw.r.t. eventselection
'in phi fiducial’ region for threetypesof events: MC (red), data(blue) electrondrom Z — ee

decayandMC photongpurple). Goodagreemenof electronandphotonMC efficienciescanbe
noted.Fig. 6 shaws efficienciesw.r.t. eventselection’in phifiducial’ regionfor MC photons.A

linearbehaior (with fit 0.861 + 0.004) atwholep,. range(23 + 260 GeV)is seen FromFigs.5

and6 onecannotean equivalentbehaior of MC electronsand photons.Fig. 8 shaws ratio of

MC-to-data’in phifiducial’ efficiencies.Thus,in datawe select,on the average by 7.6% more
eventsthanin MC by 'in phifiducial’ cut.

Thefinal correctedohotonacceptancasa function of p.. is shawvn in Fig. 9. We seefrom the
plot thatit canbefitted by the constant).842 4+ 0.002.

In spite of good agreemenbetweenMC ’in phi fiducial’ efficienciesfor photonand electrons

%) Lo, for agivenp), scale(see(18) of AppendixB).
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o

(shown in Fig. 6) we admita possibledifferencebetweenthemin datawithin 1%. Taking also
into accounta possibledependencef acceptancen PDF within 1% [31] our final value of
geometricacceptances 0.842 + 0.015.

4.2.3 Vertex selectionefficiency

We alsokeepjust the eventscomingfrom primaryvertex with |Z,;,.| < 50 cm whereZ,,, is the
distancealongthe beamaxis from the centerof the detector The qualitative requiremenbn the
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numberof tracksmatchedo thevertex is imposed: N, > 3. Theefficiengy in z vertex cutsis
estimateddy takingtheratio of eventsthatpasseghotonselectioncuts(section4.2.4)with and
without z vertex requirementsHerewe assumehatthe QCD backgroundeventsremainedafter
applicationof photonselectioncutsmostly have 1-jettopologyasthe signalevents.
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Figurel0: Vertex cutsselectiorefficiency asa functionof instantaneoukiminosity.
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Figurell: Normalizeddistribution of thenumberof selectedeventsoverinstantaneoukiminos-
ity (in unitsof 103Y).

It wasfoundthatefficiengy for z vertex cutsdepend$26] asontheinstantaneoulsiminosity L;,,
asonthephotontransyersemomentuny,.. Dependencef vertex efficiengy ontheluminosityis
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presentedn Fig. 10. As we seeit canbefitted by function

vtz

€1 (LinSt) =l-a exp[bl Linst} (3)

with a; = 0.128 £ 0.003 andb; = (—1.422 £ 0.108) - 10~2. Sincemostof the consideredhere
eventshave L;,; ~ 20 — 30 cm?s~! (seeFig. 11) the averageefficienay is ~ 0.90.

Dependencef vertex efficiency on p.. is shovn in Fig. 12. This dependences parametrizedby
the polynomialof secondpower

€5 (pp) = az + by P + ¢ (p})? (4)

with a; = 0.901 £+ 0.001, b, = (1.180 £ 0.384) - 107* andc¢y, = (—1.411 £ 0.291) - 107°
(x*/ndf = 0.86).
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Figure12: Vertex cutsselectiorefficiengy asafunctionof photontrans\ersemomentuny..

Combineddependencef vertex selectiorefficiency on L,,s; andon p). canbe expresseds
€15 (Linst: 1) = €6 (Linst) - €5 (p1) /€5 ((p}))

where(p..) is meanp,. valuein the selectedsample(whatis ~ 30.2 GeV).

(5)

4.2.4 Photon selectionefficiency

Sincethe crosssectionof directphotonsis about10® lower thanfor jetswe have to apply pow-
erful criteriafor the backgroundsuppressionBelow we definetwo setsof criteria.

Main set.

Themainsetof criteriausedfor sucha suppressioiis thefollowing 9:
e EMfrac > 0.95;

6) seealsosection3.
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e /so(AR02) < 0.10;
¢ Probabilityfor the EM clusterto have ary spatiallymatchedrackis lessthan0.001;
o LM [pr < 0.7

The presentectriteria shouldsignificantly reducethe numberof QCD jets that have enegetic
hadronsn the coreand/ornoticeableenegetic actvity aroundthe EM cluster Sincemostjets
producechagedhadronsonecansignificantlyrejectcorrespondingventsby thethird criterion
7). Thelastcutrejectseventswith large missingE,..

To estimatethe efficiency for directphotonsto passthosecutswe have usedthe fully simulated
andreconstructedC “+9" +jet” events. Only photonswith reconstructe@nepiesthatarein
thesamep regionsasthegenerateghhotonsareusedfor the selectiorefficiency determination.
Theefficiengy to passcuts’EMfrac > 0.95" and’ Iso(AR02) < 0.10" is shavn in Fig. 13.

iii!i!iii!i!i!i! 1§
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o

Figure13: Photonselectiorefficiency to passcriteria’EMfrac > 0.95" and’ Iso(AR02) < 0.10°
asafunctionof p.

Here we assumethat electromagnetishawer initiated by the photonis modeledwell in the
programthat simulatesthe responsef the D@ detector[30]. Comparisorof the EM fraction
depositedby e* from Z decay[31] in MC anddatashovs good agreement.One only hasto
acceptthat the small differencebetweenphotonand electroninducedshaversarereproduced
well by DOgstar{30] in orderto concludethatthe photonefficiengy w.r.t. the cut EMfrac> 0.95
foundfrom the MC simulationis accurate.

Others[3] have notedthattheremay be a deviation betweerthe efficiency of the isolationcri-
terionin dataandMC dueto the calorimetemoisein datawhich is not modeledin MC. In this

") Besidesthe neutralhadronswith multiphotonfinal stateof their decaychannelwould have a bigger
corversionprobabilityto e* pairthatit is for a singlephoton.
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casethe efficiency foundin MC w.r.t. this cut would be higherthanin the data. To estimate
the differencein efficiengy of theisolationcut we have usedthe Z — ee MC anddataevents.
Theseeventswereselectecby thefollowing criteria: 86 < Mg < 97 GeV/&, EMfrac of e* is

greater).95 with spatiallymatchedrackfor eachof e*. Thefoundefficienciesto passcriterion
Iso(AR02) < 0.10 is shavn in Fig. 14 for MC anddataelectrons/positrons.

Theirratio canbe parametrizedqwith x?/ndf = 0.56) by
Terr = 0.952 £ 0.016 + (0.745 £ 0.274) x 107% x pJ.. (6)

We have appliedthis correctionto thetotal selectionefficiency in theinterval of 23 < p.. < 60
GeV (i.e. in theregion wherethis MC/datadisagreemeris obsered).

The correctedefficiency is shavn in Fig. 15. It alsoincludesrequiremenbf 'no matchedrack’
with "track_match_spatialchi2prob(x 0.001".

A lossof photoneventsdueto the trackingcriterion’track_match.spatialchi2prob(x 0.001’
may be causedby a photoncorversionto e* pair in the tracker mediawith a following track
reconstructiorand assignmenbf this track to the EM cluster®. One canexpectthat sucha
probabilityis very small. Thereis alsothe probabilitythata randomtrackin the event(from an
additionalpp interaction |SR/FSReffects,from spectatoguarksor evenQCD jet) overlapswith
thephotonEM cluster

To build confidencehatthe simulatedMC is closeto reality, we have comparedMC/datatrack
reconstructiorefficienciesfor e* from Z° decay For this aim we have chosere* by thecriteria
describedn the previous paragraplandcalculatedhe efficienciesusingformula

2 NQtrk
2 N2trk + Nltrk

€trk = (7)
whereNy,;, is numberof Z° — ee eventswith two (electronandpositron)EM clustersspatially
matchedo trackswith probability > 0.001and Ny, is thatwith only oneof (electron/positron)
EM clustersspatiallymatchedo atrackwith probability > 0.001.Thefoundvaluesare(.938 +
0.004 in dataand0.944 + 0.003 in MC, i.e. with just 0.6%differenceon the average” . Sucha
smalldifferencewhenmultiplied by the corversionprobability leadsto a completelynegligible
effect.

To estimatethe numberof additionaltracksmatchedto EM clusterwe have againtaken EM
clustersproducedby the e* from Z° decay The total numberof tracks matchedto one EM
clusteris shovn in Fig. 16. Additional trackswerefoundin 0.72+0.13%o0f eventsin MC andin
1.10+0.16%in data.

Giventhe confidencebuilt by thesecomparison®f MC anddata,we rely onthe MC for finding
efficiengy with respecto thetrack match spatialchi2prob()< 0.001" criterion.

8) Notethatthisis notthe sameasthetrackreconstructiorfor e* producedn the eventvertex.

9) Analogousvaluesfor loosercuts, EMfrac> 0.90 andare Iso(AR02) < 0.15 are0.924 + 0.005 for
dataand0.942 + 0.003 for MC.
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Figure14: Selectionefficiency in MC (red)anddata(blue)w.r.t. the Iso(AR02) < 0.10 cutas
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Figurel5: Photonselectiorefficiency to passcriteria’EMfrac > 0.95', ' [so(AR02) < 0.10" and
"track_match_spatialchi2prob(x 0.001’ asa functionof p; (correctedafter Z — ee MC/data
comparison).
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Figure 16: Total numberof tracksmatchedo oneEM clusterin Z° — ee event: MC is redand
datais blue histograms.Numberof eventswith 2 (andmore) matchedtrackis 0.72+0.13%in
MC andin 1.10+0.16%in data.

The eventsthatcontributeto theinclusive photonproduction(mainly with directphotonin final

state)are expectedto have small missingtrans\erseenegy E. (Exampleof a good candidate
to 'direct photon+ jet’ event (XY view) in datais shovn in Fig. 17). Thuswe needto apply
this cut to getrid of eventswith large missing . (£77***). The sourcesof sucheventscanbe
W — ev events'? andeventsthatare not causedy pp interaction,for exampleby cosmics.
Exampleof suchevent(XY view) in datais presentedn Fig. 18. It wasfoundthatcontrikbution

of eventswith large missing £, is especiallybig at high p. 'V, Distribution of the numberof

eventsin dataover £7'** /p]. after applicationof 'EMfrac > 0.95", 'Iso(AR02) < 0.10" and
"track_match spatialchi2prob()< 0.001’ cutsis shavn in Fig.19. Valuesof p;. intervals are
shawvn on the plots. Anomalouscontritution of eventsin theregion of 0.8 < £ /p}. < 1.4

is clearly seen(thatbecomesspeciallynoticeablefor p,. > 70 GeV). Onecanalsoobsene that
fractionof theseeventsincreasesvith growing p...

We have introducedE;”'“/p} < 0.70 criterionin orderto cut off eventswith large missing
Emiss Efficienty of signaleventsw.r.t. this conditionis shovn in Fig. 20.

Accountof thelast efficiency leadto thefinal curve for photonselectionefficiency thatis pre-
sentedn Fig. 21. It isfitted by a — exp[(b — pr)/c| with valuesof parameters:

a=0.915£0.004, b=—-52.04+6.11 and c = 28.43 £ 1.60. 8)

We admita dependencef the efficiency on the instantaneoufiminosity andadd 1% error for
thisdependence.

10) Oneneedso notethatfractionof W — ev backgroundeventsis smallascomparedvith QCD events
[48, 47].

1) This factconfirmstheir cosmicorigin sincethe slopeof p; spectrunof is muchsteepethanthatfor
cosmicrays. Thustheir relative fraction shouldgrown with enegy.



4.2.4 Photonselectiorefficiency 19

Run 166313 Event 29263532 Tue Feb B8 08:49:53 2005

ET scale: 124 GeV i

Figurel7: Exampleof “live” “v + jet” event(XY view) obtainedfrom eventdisplay Runand
eventnumbersareshovn ontheplot.
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Figure18: Exampleof a candidatdo cosmicevent(XY view) obtainedrom eventdisplay Run
andeventnumbersareshown on the plot. Missingtrans\erseenepy is clearly seen(yellow) in
theoppositesidew.r.t. EM cluster— photoncandidatered).
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Figure21: Photonselectiorefficiengy to passhe maincuts: The eventssatisfyconditions EM-
frac > 0.95", "Iso(AR02) < 0.10’, "track_match spatialchi2prob(x 0.001’ and E™* /p. <
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Additional set.

The setof additionalvariablesusedfor a further backgroundsuppressionvaspresenteckarlier
in section3.

It is worth mentioningthat thesevariablesare new ascomparedwvith Run| andthey werein-
troduced on the onehand,to build a discriminantvariablethatwould allow oneto determinea
photonfraction (purity) in the selectedsample(section4.4) and,on the otherhand,to specifya
criterionfor increasinghe photonpurity.

To verify the MC/dataagreementvith respectto thesevariableswe have testedthem on the
Z — ee events. The normalizeddistributions of thosevariablesfor the Z — ee eventsin
MC anddataareshavn in Fig. 22.Electrons/positronfsom Z° decayarerequiredto be within
|Naetector| < 0.9 andwith 25 < p; < 75 GeV. Behavior of efficienciesareshownn in Figs. 23,24
and25. They arebuilt for eachof the variableswith p; of e* in theintenalsof 25 < p; < 40,
40 < pr < 50 and50 < pr < 75 GeV, respectiely.

After applicationof suchtightlimitationsas:ncell  EM1(EM-clust) < 2, ncell EM1 (AR02)
=0, sum_trackPT (AR04) < 2 GeV, and sigrphi_EM3 < 4 cmthefinal efficiengy was
foundto be 75.0%in MC and 73.4%in data.Detailedbehaior of efficienciesafterstep-by-step
applicationsof the cutsis presentedn Tablel. Thus,evenwith suchtight selectionsve do not
seenoticeablalifferencebetweerefficienciesin MC anddata.

Whendiscriminatingbetweerphotonsandbackgroundgarticles(z® aswell asthe neutraldecay
channelf n and K? mesons)wve facea typical (for high enegy physics)patternrecognition
problem.The standardgprocedurdor solving sucha problemis theintroductionof relevantcuts
in the multi-dimensionaldata. Nowadaysthe applicationof a software-implementedrtificial
neuralnetwork (ANN) for patternrecognitionis well known andusually givesthe resultsthat
aresuperiorto cornventionalapproacheg32].

So,insteadof directapplicationof cutsonthesevariablesthey wereusedto build ANN thatcan
accumulatea power of all the four variablesand criteriaon them. ANN is thenappliedfor an
additionalselectioncriterionandcalculationof photonpurity.

Tablel: Selectiorefficiencies(in %) with tight limitationson the additionalvariables.

Cut MC Z — ee | DataZ — ee
neell_EM1(EMclust) < 2 83.2 82.2
neell_EM1 (AR02) < 1 77.8 77.1
sum_trackPT (AR04) < 2 GeV 75.1 73.9
stgrphi_EM3 < 4cm 75.0 73.4

For ANN buildingwe have usedJETNETpackagg33] of version3.5. ANN istrainedto discrim-
inatebetweerdirect photonfrom “~%" + jet” eventsand em-jets!?. The Manhattaralgorithm
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Figure22: The normalizeddistributionsof the numberof the 7 — ee MC (red)anddata(blue)
eventsoverfour additional variablesof section3. Electrons/positronarefromthe25 < p; < 75
GeVinterval.
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Figure24: The efficienciesin the Z — ee MC (red) anddata(blue) eventsasfunctionsof the
four additional variablesof section3. Electrons/positronarefrom the 40 < p;r < 50 GeV

interval.
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Figure25: The efficienciesin the Z — ee MC (red) anddata(blue) eventsasfunctionsof the
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Figure26: Normalizeddistribution of ANN outputfor MC (red)anddata(blue) Z° — ee events
with 25 < p% < 75 GeV and|n°| < 0.9 is shavn. The ANN wastrainedto discriminate
betweerphotonsandem-jets(seesection4.2.4).

Selectionefficienciesasa function of NN output

NNoutthres.:0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80

MC sel.eff.(%): 100 98.8 97.0 95.0 93.0 90.9 88.2 84.1 77.6
Datasel.eff.(%): 100 98.0 96.3 93.8 91.4 88.5 84.8 80.2 72.7
MC-Datasel.ef.(%): 000 08 06 12 16 24 34 38 48
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[34] for weight updatingwas usedat the training stage. The network is trainedto producel
(unity) in caseof signalandO (zero)in casebackgroundevents. For the ANN trainingwe have
usedMC signalandbackgroundeventsfrom theinterval of 30 < pJ. < 50 GeV. Thenthe built
network wastestedon the Z — ee MC/dataevents(Fig. 26). The differencein the electron
selectiorefficienciesaftercutson NN outputis shavn below thefigure.

We have appliedcut on the network output N N, > 0.5 asthe additionalselectioncriterion.
A systematicerror assignedor this cut is the differencebetweenthe efficienciesfor MC and
dataZ — ee eventsandis 2.4%for this cutasis seenfrom Fig. 26.

Photonefficiengy w.r.t. this cutis shavn in Fig. 27. It practicallydoesnot dependon p,. and
agreesvith constant).937 4+ 0.002.

Thedistributionsover N N, for directphotonandem-jetsfrom 44 < p;. < 50 GeV arepre-
sentedn Fig. 28 with positionof the NV, cut. The network outputfor the datapreselected
by thesamemainselectioncutsarealsoshavn onthis figure (black histogram).Thedistribution
is usedin section4.4to obtainthe photonfractionfor agivenp.. interval.
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Figure27: Photonselectionefficiency w.r.t. thecuton ANN output N N, > 0.5 asfunction
of p.

4.3 Photonenerngy scalecorrection.

As we know, the calorimetedayerweightsusedto reconstrucinitial enegy of the electromag-
netic particlewere found by usingelectronbasedZ — ee, J/1) — ee) events. On the other
hand,it is known that photons(dueto fundamentallydifferentnatureof their interactionsjose

12) Seesectiond. 1.
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Figure 28: Normalizeddistribution of ANN output for data, signal and backgroundevents
from 44 < pJ. < 50 GeV after applicationof the main selectioncriteria: EMfrac > 0.95,
Iso(AR02) < 0.10, track_match spatialchi2prob()x 0.001 and Ef***% /p.. < 0.70. Cut posi-
tion is shawn.
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noticeablylessenepgy in the materialbeforecalorimeterthanelectrons.This factcanleadto a
systematicover-correctionin the enegy scalefor photonsandwould yield a shift in the cross
section[42].

Sincefor theMonte Carlo(MC) simulationthe EM-calorimetetayerweightswerealso(asin the
data)determinedrom the 7 — ee events,we assumehatthe difference(shift) we would find
betweentrue andreconstructeghhotonp; canbe appliedto correctphotonp; in the data[36].
To estimatesuchashift, we have consideredhe “~+%" + jet” eventsfully simulatedn MC. Then
for eacheventwe have taken EM clusterfound by the Simple Conealgorithmwithin R < 0.20
from photonon the particlelevel. HereR is distancen eta-phispacefrom the photon(particle
level) to gravity centerof the EM cluster Distributionsof the numberof eventsover therelative
shift betweerphotontrans\ersemomentaat the particlep’*"*” andcalorimeten:”’>” levels,i.e.
(phertt — peslon) /phart s presentedn Fig. 29. Thepi””” distributionis built afterapplication

T
of cutsEMfracz 0.95, I'so(AR02) < 0.10 andtrack match spatialchi2prob(X 0.001.

Unfortunately in datawe don't measurea cleanphotonsignalbut have an admixtureof back-
ground particlesdecayinginto multiphotonfinal state(as 7° — 2y;7 — 27,37% K —

2% w — 7%y). Sincethoseparticlesdecayinto the photonsof smallerenegy it would in-

ducean additionalshift of the measureghotonp;. Having determinedohotonpuritiesfor a
givenpy. interval (seesection4.4), interrelationbetweenem-jetsof differenttypes(r*, etc. em-
jets, seesection4.1) andwidths of variousdecaychanneld35] we have correctecthe average
shifts(seeFig. 29) foundfor singlephotons.

Table2: Averagevaluesof (ph"™"" — Cal”)/p’}‘”"”(ln %).

py. (GeVic) || A4 | 44 + 70 | ydir 4 79 KO
10 -1.98| -2.43 -2.49
20 -1.35| -1.83 -1.92
30 -0.89| -1.35 -1.44
40 -0.55| -0.95 -1.05
50 -0.29| -0.65 -0.74
60 -0.11 -0.42 -0.51
70 0.03 -0.24 -0.33
80 0.13 -0.10 -0.20
100 0.26 0.08 -0.01
150 0.39 0.29 0.20
200 0.41 0.37 0.28
250 0.42 0.40 0.33

Total shift of the photonscale(in %), taking into accountbackgroundparticlesis presented
below in Table2. Thefirst column“~%"” shaws the shifts with accountf just direct photons,
“~dir 1 70" meansthat all backgroundeventsare assumedo be initiated just by 7°, while in
“+70, n, K9 the contritutionsfrom n, K¢ + w areincludedusingtheir ratiosw.r.t. 7° (thatis
given,for exampleat40 < pJ. < 50 GeV, by 7° : n: (K?+w) = 1: 0.45 : 0.27; thefractionof 5



4.3 Photonenegy scalecorrection 32

part,y calo,y part,y
(pr ' —pr )/Pr

10<pY<15 GeV| Entries 3622 | [15<p}<20 GeV] Entries  1627] [20<p}<25GeV| Entries 4642

a0k Mean  -0.01942 200k Mean  -0.01549 ] Mean  -0.01116
3505_ RMS 004645 | ygf RMS 004107  600F RMS  0.03859
300f 10 S00p
i 140 3
250 120E 400F
200F 100F 300
150F SoF 2005
100F jg: i
s0f 2f 1o

015017005 0 005 01015 -§15-01-0.05 0 005 01 015 01501005 0 0.05 01 0.5

30<p}<35 GeV| Enties  1555] [45<pl<50 GeV] Enties 5155  [65<pi<75 GeV]| Entries 2083

00 Mean -0.007786 : Mean -0.003104 500k Mean  -0.0002415
ok RMS  0.03174]  1000[- RMS  0.02781 5 RMS 0.02291
200%— eoo;— 4005_
150?— 6oof wop
100%— 4005‘ 200;_
50§_ 2005— 1002-

615 1005 0 005 01015 Ji0T005 0 005 01015  Jie 0T 005 0 005 01045

90<p<110 GeV Entries 7142]  |160<p}<180 GeV Entries 6746 | [240<p!<280 GeV| Entries 1023

oot Mean 0.0002401] Z500F Mean  0.002426 Mean  0.007246

18005_ RMS 0.01972 ! RMS  0.01521 4003_ RMS  0.01293
; 2000F !
1600F r r
1400F Z [
E a 300F
1200F 1500; L
1000F r 3
800E 1000F 200
600 : i
400F 500F 100F
200 [ '

T r i s A R Rt Bt 0k SR £ 3 e TR TR

Figure29: Distributionsof thenumberof eventsovertherelative shift betweerphotontrans\erse
momentaatthe particlep’”"” andcalorimeter(EM cluster)p’"'*” levels(seesection4.3).
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andK? + w weaklyincreasesvith growing enepgy). So,accordingo thistablewe overestimate,
ontheaveragephotonp; by 2.49%at 10 GeV, by 1.92%at 20 GeV andsoon ¥,

Thevaluesof correctionsF, . (p,.) pointedin theright columnof Table2 canbe parametrized
by formula

EF)..(p7) = po — expl(p1 — py)/p2)
with
po = 0.0031, p; = —137.2, py = 41.2. (8)

The sizeof correctionsdependsrery weakly on the photonpurity P (seenext subsection)For
example,if we vary P within 15% valuesof F) _(p)) changgustby £+0.1%.

corr

Thefull sizeof the correction(absolutevalueof the difference(p?”™” — p5*>7) ) is takenasa
systematicerror. On top of it, an additionalerror of 0.5% on electronenegy scaleis addedin
quadrature.One needsalsotake into accountsystematicerror causedoy accurag of determi-
nationof backgroundcontribution after the selectioncuts (this contribution shifts p of photon
candidateto lessvalues). As statedabove, this erroris ~ 0.1% for the photonpurity P varied
within 15%.

do/o due to ES error (%)

20 40 60 80 100 120 140 160 180 200 220 240 260 280
py (GeV)

o

Figure30: Dependencef theinclusive photoncrosssectionsystematicerror dueto the photon
enepy scaleuncertaintyon p,. (seeeq.(9)).

For thefinal aimit is necessaryo estimaterelative errorto the photoncrosssectioninducedby
the photonenegy scalesystematicerror. For this aim two ansatzeg(16) and(17), with param-
eters(19) from AppendixB aretaken. Thentherelative errorto the crosssection,for example,

13) Of course,speakingaboutbackgroundpne needsto understandhat the main backgroundparticles
(photondrom 7, 5, KV) canbesurroundedy softerhadrons/photonfsom thejet core. But assuming
that a contritution from the main backgroundparticlesto Pt of the EM clusteris at least70% the
numberdn Table2 shouldbe goodapproximations.
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for thefirst ansatas equalto

60 /0| = ( par(1]/p} + 2par([2]/(v/s — 2p}) ) Opy. (9)

Thefoundcontribution (in %) to the crosssectionsystematiaincertaintyasanaverageerrorfor
thetwo anzatzesjs shovn in Fig. 30 andin summaryTable8 (column® € ") 14),

4.4 Photon purity estimation.

As we know, the measuredignalfrom the isolateddirect photonis contaminatedvith a back-
groundstemmingfrom QCD jets that have fluctuatedinto the well-isolatedsingle EM cluster
The clusteris causednainly by enepetic (singleor multiple) 7, , K? or w mesongecaying
into photonsin thefinal state[35]. Sometimethesebackgroundarticlesareaccompawing by

soft hadronsvhoseenegy is mostly depositedn the electromagnetishover developingwithin

theEM cluster

To reveal sucha backgroundwe needthe physicalvariablessensitve to the internal structure
of the shawver. Additionally, the distributions of thesevariablesin MC eventsshouldbe very
closeto thosein data. Many possibilitieswere studiedin searchof the optimal set[27, 28§].

As was describedin the previous subsectionwe have chosenfour variables,three of which
(ncell_EM1(EMclust), sum_trackPT (AR04) andsigrphi_ EM3) aresensitve to the en-
ergy distributioninsideEM clusterandone(ncell_- EM1 (A R02)) is anadditionalvariablethat
characterizeéheisolationof the EM cluster'.

As we mentionedn section4.2.4,the outputfrom artificial neuralnetwork, basedon thesefour
inputvariableshasbeenchosermasa discriminantbetweersignalandbackground.

Sincethesignaleventscannotbeidentifiedon aneventby eventbasistheir fraction(purity) P is
determinedor agivenpy bin statistically The photonpurity is definedastheratio
N7
=y

whereN” (N’¢) is the numberof singlephotons(em-jets)thatpassedaelectioncriteria (section
4.2.4).

To determinepurity we have useda statistical/probabilistianethod. The ANN outputin data
is fitted by ANN outputsfrom MC photonand em-jet samplesusingHMCMLL routine [37]
(from HBOOK package).This routine correctlyincorporatesstatisticalerrorsin MC anddata
histogramsand was speciallywritten for fitting MC fractionsto datahistogram'®. With this
techniquethe puritiesfor the 17 considereg.. binswerefound.

(10)

14) Additional errorto do /o is causedy variationof parameter$19) to the ansatz16) with their errors.
It is foundto bejust~0.1% whatis negligible ascomparedvith do /o from Table8.

15) An additionalgood variableusedfor photondiscriminationin Run | wasthe fraction of enegy de-
positedon the first EM layer Unfortunatelyin Runll its distribution in MC doesnot reproducethe
data.

16) It wasalsoappliedfor finding photonpuritiesin Runl.
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Explanatoryplotsto the determinatiorof photonfractions(purities)for all consideredntenvals
of are presentedn Figs. 31-33. The errorsshovn on the plots are statistical. Here MC his-
togramsare correctedaccordingto the their fractionfound from the HMCMLL fit. To checka
compatibility of datahistogramsandtotal (i.e. sumof photonandem-jet)MC histogramgor
ANN outputy? testwasdone.Thefoundvaluesof x?/ndf areshovnin Table3 ',

Thephotonpuritiesfoundfor all p. intervalsareshavn in Table4 (seealsoFigs.34and35). The
presentearrorscorrespondo 68% confidencdevel for thetwo parametefit (theseparameters
arethefitted valuesof sighalandbackgroundractionsin the data)[37].

Table3: \? teston compatibility of total (photon+em-jetMC anddatahistogramgFigs.31-33)
for ANN output.

[ p; [ 23-25[ 25-30] 30-34] 34-39] 39-44] 44-50] 50-60] 60-70] 70-80]
[X>/ndf || 161 0.76 | 0.84 | 037 | 1.07 | 0.27 | 1.01 | 1.11 | 1.89 |

[ p; [[80-90[90-110] 110130 130150 150-170 17020 | 200-23q 230300
[\?/ndf | 162 ] 122 | 086 | 1.38 | 053 | 0.33 | 0.62 | 130 |

Table4: Photonpurities(P) foundfrom HMCMLL fit.

Apy 23-25 25-30 30-34 34-39 39-44 44-50
P 0.35A0.062 | 0.346£0.067 | 0.384+:0.064 | 0.436+0.076 | 0.484+0.058 | 0.512£0.053

Ap). 50-60 60-70 70-80 80—90 90-110 110-130
P 0.60A0.049 | 0.640£0.043 | 0.64A-0.058 | 0.645+0.040| 0.703:0.056 | 0.678:0.068

Apy. 130-150 150-170 170-200 200-230 230-300
P 0.685:0.089 | 0.72740.101| 0.7610.110 | 0.8470.172| 0.90H1-0.228

At highpr intervalsthe uncertaintyof the found purity pointsis mostly causedy datastatistics
while for lower p it is mostly causedy the statisticsof the em-jetssamplewhich remainsafter
theselectioncuts(sectiord4.2.4).

It is interestingto look at the distributionsof the four variablesusedasthe neuralnetwork input
vector(seesections3, 4.2.4)in dataandin MC signalandbackgroundsetsafter applicationof
cut on the ANN output NN, > 0.5. They are presentedn Appendix A for mostof p).
intenals. As in Figs.31-33MC distributionsareweightedto accountfor their fractionsfound
from the HMCMLL fit. The MC errorshereinclude alsoerrorson purity determination.The
foundpurity for agiveninterval is shovn in Table4.

The determinedrom HMCMLL photonfractionswerefitted [6] by the function P; with two

17) Juststatisticalerrorsin MC photon,em-jetanddatasamplesaretakeninto accountn the calculation
of x? (i.e. errorscausedy accuray of purity determinatiorareignoredin this table).
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Figure31: Distribution of the numberof eventsin dataover NN outputafterthecut”’NN output
> 0.5” for six p,. intervals from 23 to 50 GeV. The fitted (to the data)distributionsof the MC
photonsandjetsarealsoshavn. They areweightedwith accountof their fractionsfound from
theHMCMLL fit. Thefoundpurity for theseintervalsareshavn in Table4.
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Figure32: Distribution of the numberof eventsin dataover NN outputafterthecut”’NN output
> (0.5” for six pJ. intervalsfrom 50 to 130 GeV. Thefitted (to the data)distributionsof the MC
photonsandjetsarealsoshavn. They areweightedwith accountof their fractionsfound from
theHMCMLL fit. Thefoundpurity for theseinterval areshovn in Table4.
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Figure33: Distribution of the numberof eventsin dataover NN outputafterthecut”’NN output
> 0.5” for five p. intervalsfrom 130to 300GeV. Thefitted (to the data)distributionsof theMC
photonsandjetsarealsoshavn. They areweightedwith accountof their fractionsfound from
theHMCMLL fit. Thefoundpurity for theseinterval areshovn in Table4.
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Figure34: The photonpurity vs. p,. with thefitting curve (full line) andstatisticaluncertaintyof
thefit (dashedines).

free parameters:

1

REXCOE -

Py
We have choserthis form becauseave expectthe datato be a sumof two falling crosssections
(photonsandjets)with theirratio having roughlytheform a, (p)* (comparenith formula(10)).
Thefit, shavn in Fig. 34 with its statisticaluncertaintyassureshat purity is a smoothfunction
of pJ.. Herestatisticaluncertaintiesverefoundfrom:

2
OP; OP
Pstat 2 E f f V.
(5 ! ) <8az 8@7') " (12)

i,j=1

whereV;; is anelemenbf error (covariance)matrix. We seefrom Fig. 34 thatthefitted function
is smoothanddoesnot exhibit the statisticalfluctuationsanherentin the data.

In orderto estimatethe systematiauncertaintyfrom the choiceof fitting function, we usetwo
alternatve functions.They are

Pp=1—¢ (mtazrp) (13)

and
Pf = a1 + ag lOg(p%) (14)

Theparametersf all fits aswell ascorresponding? /ndf areaccumulatedh Table5.



4.4 Photonpurity estimation 40

Table5: Resultsof photonpurity fit usingdifferentfunctions.
Fitting functions

Parametersg 1/(1 + a; (p))®) | 1 — exp|—(a1 + a2 p))] | a1 + a2 log(py)

a 38.86+16.71 0.285+0.074 -0.331+0.984

as -0.9714+0.112 0.009+:0.006 0.22140.028
Z/ndf 0.42 0.76 051

Thesystematiaincertaintyis estimatedy calculatingthermsvalueof thedifferentfits from the
defaultchoice(11). Thecompleteerrormatrix for this systematiaincertaintyis calculatedusing
thedefinitionof covariance sothateachelemenif the matrixis:

Vi = st So(li) — (i) () — 1) (15)

k=1

wherei andj aredifferentp,. bins,the sumis overthevariousfitting functions,V is thenumber
of differentfunctionsusedto fit the data,and p is the value of the default fit. The diagonal
elementf this matrixis justtherms,i.e. we have (5ij1"5“)2 = V..

Anothersourceof systematicerroris dueto the choiceof the numberof binsin HMCMLL fit
(seeFigs. 31-33for ANN output). It wasvariedfrom 6 to 14. Additional error dueto sucha
variationwasfoundto be(SPnySt2 = 3%.

In Fig.35we plot the systematidandin uncertaintycausedy usageof alternatve fitting func-
tionsandvariationof the numberof binsin HMCMLL fit aswell asthe defaultfit andits statis-
tical error.

The total uncertaintycausedoy purity determination(shavn by dash-dottedine in Fig. 35) is
presentedn column“Purity” of Table8.

An additionalsystematiaincertaintywasassignediueto thefragmentatioormodelusedn PYTHIA
[21]. Firstly, oneneeddo notethatPYTHIA generallywell describeproductionof suchparti-
clesas7’, 7 mesonsn jets. Fig. 36 sdemonstratethe /7 ratios measuredn different ex-
perimentscomparedvith PYTHIA predictionsvs. ;. x? teston the point compatibility gives
2/ndf = 0.77.

But the problemhereis thatthe fragmentatiorfunctionsD; . .o(z, M;) (or j — n) '® currently
usedin MC eventgeneratorsirefitted to LEP data(ete~ — hadrons)xorrespondingssentially
to z < 0.7 (i.e. to unisolatedparticles)while for the tight isolation cuts, usedhere, mostly
contributesthe behaior of fragmentatiorfunctionsnearthe endpoint, z — 1. In addition,the
gluon-to-pionfragmentatiorfunctionis poorly constrainecait moderateandlarge z by et e~ an-
nihilation processecausehe subprocessédgavolving gluonsin thee™e™ annihilationappearat
higherordersin a,, while subprocessesvolving outgoinggluonsin hadroniccollisions con-
tribute at lowestorder Although the contritutionsfrom gluon fragmentatiorare not expected

18) Herez is afractionof thefinal statepartonmomentuncarriedout by 79 (1).
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Figure35: Statisticalerrorfrom thedefaultfit (dashedine), bandin systematiaincertaintyfrom
threepossiblefitting functionsandvariationof the numberof binsin HMCMLL fit (dottedline)
andtotal error (dash-dottedine).

to dominateJarge uncertaintie®n their magnitudemay still affect quantitatve predictiong39].

Accordingto [38] andalsotakinginto accounhoticeabladiscrepang betweer{40] and[41] sets
of parton-to-piorfragmentatiorfunctionsat = > 0.85—0.90 [39] the uncertaintyin 7° (aswell

asin ) productionwastaken~ 50% for this z region.

Thus, additionalsystematicuncertaintyto the photonpurity was estimatedby varying the ra-
tios betweenn® and {n,w, K°} (containingy /7" in the decaychannel)and betweenn and
{70 w, K°} by £50% 9. Theratiosof the nominaldefault purity to the puritiesobtainedafter
suchvariationsin the first and secondcasesare shovn in Figs. 37 and 38. Therelative errors
shown herearecausedy purity determinatiorprocedurgseeFig. 35).

We have definedfinal uncertainty(asafunctionof p,.) astheaveragevalueof absolutevariations
of the purity causedyy +50% variationsof thetwo ratios. This uncertaintycanbe parametrized
by po exp(p1 p}.) with po = 0.201 andp, = —0.0428 andis shavn for all p.. binsin separate
column“Frag” of Table8. As we seethatthosevariationsmostlyinfluencep. region upto ~ 50
GeV andleadsto additional~ 7% systematicerrorin purity atp,). ~ 25 GeV, ~2% atp). ~ 50
GeVand~ 1% atp} 2 70 GeV.

19) Sucha variationbecamepossibledueto separatgeneration®f 70 andn, w, K0 em-jets(seesection
4.1and[27]).
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Figure36: Ratiosof n to 7" productionrates(mesonsareproducedn jets)vs. z measuredn
seven experimentscomparedvith PYTHIA 6.2 predictions. x? teston the point compatibility
givesx?/ndf = 0.77.

4.5 Unsmearingcorrection.

Unsmearings correctingcrosssectiondueto finite resolutionof the calorimeter |t is especially
importantfor the caseof steeplyfalling spectrum.In Run| D@ calorimeterhad goodenough
enegy resolutionfor EM objectsin orderto neglectthe unsmearingeffect. In Runll enegy

resolutionfor EM objectshasdegradedand one needsto unfold the obsened spectrumto re-

coverinitial (unsmeareddne.Thedetailson the determinatiorof unsmearingactor f,,,,,, from

equation(1) canbefoundin AppendixB andareappliedin section5.

5 Calculation of crosssectionand comparisonwith theory.

Herewe combineacceptancdrigger, selectiorefficiencies puritiesandunsmearingactorfound
in sections4.2.1,4.2.2,4.2.4,4.4 and4.5 and evaluatethe crosssectionusingformula (1). In
Table 6 we shav numberof photoncandidatesemainingafter step-by-stem@pplicationof the
selectioncriteria. The “Initial” criteria shawvs the total numberof EM clustersin the events
preselectedy CommonSampleGroup that satisfy the primary vertex requirementsand have
pr > 23 GeV (seesection3).

We seefrom Table 6 that after the final selectionon the ANN outputabout2.7 million photon
candidatesemained. Theseeventsare usedto calculatethe crosssectionin 17 p; bins with
averagevaluesvariedfrom 23.9to 258.0GeV.

The preliminary resultsof the measuremenare shavn in Fig. 39 asa function of pJ. for the
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Figure39: Theisolatedphotoncrosssectiondo /dp;.dn vs. p;. for thecentral(|n| < 0.9) rapidity
region. Thefull (systematich statistical)errorsareshavn. Thered curwe is theoreticalNLO
QCD predictiong17, 45] donefor iz = pr = p). with CTEQ6.1MPDF set.
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Table6: Numberof v candidategin thousandsaftereachcut.

Cut Numberof | % from
~ candidateg Initial
Initial (CSG+\ertex

cuts+p; > 23 GeV 79908 100
In| < 0.9 41837 52

EM fiducial 36699 46
EMfrac> 0.95 21461 27
Iso(AR02) < 0.10 13247 17
No matchedracks 5710 7
E;"iss/p} < 0.70 5430 7
NNoutput > 0.5 2732 3.4

centralpseudorapidityregion |n”| < 0.9 with the full experimental(systematich statistical)
errors.Onecanseethatin the presentedange23.9 < p). < 258.0 GeV thecentralphotoncross
sectionfalls by about5 ordersof magnitude. Statisticalerrorsvary from 0.1%in the first p..
bin to 13.2%in thelastbin while systematicrrorsarewithin 11 — 25%. The largestsourceof
systematiaincertaintyis causedy the purity estimation.

Thesuperimposetheoreticakurve correspond$o the QCD NLO predictionsbasednthecode
[17, 45] (redfull line) with CTEQ6.1Msetof partondistribution functions(PDF). The obtained
resultswere alsocomparedwith the QCD NLO predictionsbasedon the code[18] with same
PDF

The calculatedexperimentalcrosssectiontogetherwith systematiandstatisticalerrorsis pre-
sentedn Table7. For comparisorthe theoreticalnumberspredictedby [17] (CFGP)and[18]
(VV) arealsogiven (columnsmarked by 'CFGP’ and’'VV’ respectiely). The sourcesof ex-
perimentalsystematiauncertaintiegin %) areshawn in Table8. Onecanseethatthe largest
uncertaintyis causedoy the purity estimation. Teston the stability of the found crosssection
with respecto thefinal cuton ANN outputcanbefoundin AppendixC.

Isolationconditionsfor the theoreticalpredictionsbasedon the code[17] slightly differsfrom
thosebasedon [18]. Justl0%isolationin the coneof R = 0.4 wasrequiredin first casewhile
for theoreticalresultsbasedon [18] both 10% isolationin thering of R = 0.2 and5% vetoon
hadronicenepy in the coneof R = 0.2 arounda photonwererequired. The two predictions
arebasedon differentsetsof fragmentatiorfunctions,which are[50] in thefirst caseand[51]
in thesecond It is worth emphasizinghatin spiteof sucha discrepang both predictionsarein
agreemenvithin 7% whatis seenfrom Table7 andFig. 40 which shavs ratio of the predictions
doneby P. Aurencheet al to the predictionsdoneby W. Vogelsanggt al for threescales.

A sensitvity of theoreticapredictiongto theisolationrequirement# thering of AR = 0.2 and
to EM fractionin theconeof R = 0.2 wastested49]. Variationof /so(AR02) cut10— 5%and
10— 15%leadsto changesn crosssection< 2%. Variationof allowablehadronicenegy in the
coneof R = 0.2 from 4% to 6% alsoleadto relative changesn crosssection< 2% [49].
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Table7: Differentialcrosssectionfor thecentralregion(|n| < 0.9) with statisticalandsystematic
uncertainties.

py bin (p1) d*o /dp}.dn (pb/GeV) 00stat | 00syst | Ot
(GeV) (GeV) | theor (CFGP)| theor (VV) | measured (%) (%) (%)
23-25 23.9 354 353 396 0.1 25.2 | 25.2
25-30 27.2 200 198 218 0.1 19.2 | 19.2
30-34 31.8 102 98.6 101 0.2 16.1 | 16.1
34-39 36.2 53.6 54.2 53.8 0.2 145 | 145
39-44 41.3 31 30 29 0.3 134 | 134
44-50 46.7 17.4 16.9 15.9 0.4 12.8 12.8
50-60 54.2 8.5 8.24 7.82 0.4 12.2 | 12.2
60—70 64.4 3.75 3.69 3.45 0.6 11.7 | 11.7
70-80 74.4 1.85 1.83 1.71 0.9 11.3 | 114
80-90 84.4 0.996 0.992 0.954 1.3 11.2 | 11.2
90-110 98.2 0.454 0.455 0.436 14 11.0 | 111
110-130| 118.5 0.179 0.176 0.171 2.3 11.2 11.4
130-150| 138.9 0.0764 0.0769 0.078 3.5 116 | 121
150-170| 158.7 0.0374 0.0366 0.0323 5.6 12.0 | 13.3
170-200| 183.1 0.0157 0.0161 0.0162 6.5 125 | 141
200-230| 212.3 0.00637 0.00634 | 0.00742| 9.8 131 | 164
230—300| 258.0 0.00188 0.00176 | 0.00185| 13.2 13.8 | 19.1

The theoreticalpredictionspresentedn Fig. 39 correspondo the choice of renormalization,
factorizationand fragmentationscalesas ur = pur = py = pp. If all scalesare variedto
pur = pr = py = 0.5p,. orto 2p). thecrosssectionsarechangingwithin +£12-13%(seeFig. 5).

We have also varied separatelyfragmentationscalein the rangeof 0.1p). < ps < p. [52]
leaving two otherscalesur andyur equalto p... In this casecrosssectionhaschangedy 5% at
pr = 23.9 andjustby 1% atp, = 98.2 GeV.

Theratio of theoreticalpredictionsdonewith MRST2004to oneswith CTEQG6.1Mareshown in
Fig. 41. Onecanseethatvariationsarewithin 6 — 7% andmaximalfor 50 < p}. < 150 GeV.

The ratio of the measurecatrosssectionto the NLO QCD predictions[17, 45] calculatedwith
CTEQ6.1MPDF setis presentedn Fig. 5. Ratiosof the nominaltheory predictions[17, 45]
(with iz r ; = py. andCTEQ6.1MPDF setcorrespondingo the bestfit) to the predictionswith
prr s = 0.5p) (upperdottedbluecurve) and2p;. (lower curve) aswell asto the predictionswith
largestupperandlower CTEQ6.1MPDF errors(dash-and-doted curves)[44] arealsoshovn
ontheplot. Variationof crosssectiondueto samescalevariationsobtainedwith [18] predictions
hasaboutthe samesize(+1-2%)andp,. dependence.
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Figure 42: The ratio of the measurectrosssectionto the NLO QCD predictionsdonewith
[17, 45] (theor predictionsbasedon the code[18] arewithin 7%), with CTEQ6.1MPDF setis
presentedRatiosof the nominaltheorypredictions(with iz 7 ; = pj andCTEQ6.1MPDF set
correspondindo the bestfit) to the predictionswith ug r ¢ = 0.5p,. (upperdottedblue curve)
and2p.. (lowercurve)aswell asto thepredictionswith largestupperandlower CTEQ6.1MPDF

errors(dash-and-dated curves)arealsoshovn ontheplot.
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Table 8: Systematicuncertaintieqin %) dueto purity, trigger ¢, and selectione, efficiencies,
enepy scale(ES),p,. correctionC;» , fragmentatiomodel(Frag),acceptanc@Acpt), luminosity
(Lum) andunsmearindUnsm).

pr bin (GeV) | Purity | ¢ ¢s | ES | G, | Frag| Acpt | Lum | Unsm | Total syst.
23-25 155 1136|3263 | 78| 73| 15| 65| 1.0 25.2
25-30 124 | 5332|6173 63| 15| 65| 10 19.2
30-34 9.7 22131, 5965 54| 15| 65 1.0 16.1
34-39 82 | 11(30|57|59|44 | 15| 65| 1.0 14.5
39-44 7.4 1029 55|52| 35| 15| 6.5 1.0 134
44-50 7.1 1028 54|46 | 28| 15 | 6.5 1.0 12.8
50-60 69 | 10|28(53[39| 21| 15| 65| 1.0 12.2
60—-70 6.6 1028 51|33| 14| 15| 6.5 1.0 11.7
70-80 6.3 | 1027|5129 | 11| 15| 65| 1.0 11.3
80-90 6.1 1027 50| 27| 11| 15| 6.5 1.0 11.2
90-110 59 | 10(27]49|26| 10| 15| 65| 1.0 11.0
110-130 6.3 | 1.0 27| 48|28| 10| 15| 65| 1.0 11.2
130-150 69 | 102748 |30| 10| 15| 65| 1.0 11.6
150-170 7.6 10|27 47|32] 10| 15| 6.5 1.0 12.0
170-200 83 | 10 (27|47 |33|10| 15| 65| 1.0 12.5
200-230 91 |10 (27| 46|35 10| 15| 65| 1.0 13.1
230-300 101 | 10 |27 46| 37| 10| 15| 65| 1.0 13.8

6 Conclusion.

We have measuredheinclusive crosssectionfor isolatedphotonsin the centralpseudorapidity
region (|| < 0.9) at /s = 1.96 TeV. We have comparedt with two NLO QCD theoretical
predictionsdoneby [17, 45] and[18] In bothcase<CTEQ6M PDF setis used.

TheNLO QCD predictionspbothwith CTEQ6.1MandMRST2004 describethe datawithin the
experimentaluncertaintiesn thewhole p.. rangeconsidered?3 < pJ. < 300 GeV. The presented
measurementsanbe usedin future PDF globalfits (asit wasdoneearlier for example,in [13,
15, 53)), especiallyin the region of mediumandhigh p}., wherethe experimentaluncertainties
from the inclusive jet crosssectionsare considerable For this reason,extendingthe photon
crosssectionto theregion of larger p.. would beveryimportant.
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Appendix
A. Comparisons of MC-data for the input variables used in ANN.
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Figure43: Distribution of the numberof eventsin dataandthe fitted distributionsfor MC pho-
tonsandjets over the four variablesusedasneuralnetwork input vector MC distributionsare
weightedwith accountof their fractionsfound from the HMCMLL fit. Black histogramgfull
line) correspondo thedata,blue ones(dottedline) to MC em-jetsandpurpleones(dashedine)
to MC total 'em-jet+photons’. All distributions are built after the cut” N N,p,: > 0.5” for
23 < pp < 25 GeV.
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Figure44: Sameasin Fig. 43 but for 25 < pJ. < 30 GeV.
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Figure45: Sameasin Fig. 43 but for 30 < pJ. < 34 GeV.
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Figure46: Sameasin Fig. 43 but for 39 < pJ. < 44 GeV.
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Figure47: Sameasin Fig. 43 butfor 44 < pJ. < 50 GeV.



Appendix

10000

8000

6000

4000

2000,

---- emjet+photon
— data

JI-IJ‘IIIIIIIIIIIIIIiII

EE FRURY IRENTE RN

1

2

3 4

5 6 7 8 9§ 10

ncell_EM1 (EMclust)

2000
18000
16000
14000
12000
10000
8000
6000
4000
2000

TTIT
1
I-I-'|

Tt

LILSL I ILILINLI LI LI NLISLNLI ILILELEN MLILILE BLILILE BRLLELE LB L
I [T I I I I I I

Irirg

1

2

3 4

5 7 10
sum_trackPT (AR04), GeV

22000

F]

20000]
18000]
16000
14000
12000]
10000
8000
6000
4000,
2000

-

-q’---

RN ERERE FWEEy FEeY PN ARRNY FRNRE ARET

05

1 15 2 25 3 35 4 45 5

ncell_EM1 (AR02)

10000

8000

6000

4000

2000

(==

4 45 5

3 35
o(rg) at EM3, cm

Figure48: Sameasin Fig. 43 but for 60 < pJ. < 70 GeV.
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Figure49: Sameasin Fig. 43 but for 80 < pJ. < 90 GeV.
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Figure50: Sameasin Fig. 43 butfor 110 < pJ < 130 GeV.
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Figure51: Sameasin Fig. 43 but for 150 < p < 170 GeV.
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Figure52: Sameasin Fig. 43 but for 200 < pJ < 230 GeV.
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Figure53: Sameasin Fig. 43 but for 230 < pJ < 300 GeV.
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B. Unsmearingthe crosssection.

Unsmearingrocedureancludesthefollowing steps:

e Make anansatzto parametrizehe initial pJ. spectrum. For this aim two formulaswere
tested:

a(pr) = par(0] * p;7" M s (1 = 2py //5)r (16)
and
o(pr) = par|0] * p;par[ll s exp PT/Parl2 (1— 2pT/\/§)p”[3] (17)

e Smeartheansatzanalyticallyusingthe known enegeticresolutionfor EM objects
((cg/E)? = C? 4+ S?/E + N?/E?). Herethefollowing valueswereaccepted43]:

C =0.0439, S =0.224 VGeV, N =0.29 GeV? (18)
¢ Fit thesmearedlistributionto thedatain orderto adjustparametergar[i] in (16), (17).

¢ Findthecorrectionastheratio of unsmearedo smearedturvesin the pointswherecross
sectionhasbeendetermined.

Sincetheresolutionis definedfor theenegy £ andwe needto correctp; spectrumyalueof £
for every p; bin wasdefinedfrom the average|n”| presentedn Fig. 54 asfunctionof p).. This
dependences plottedafterapplicationof maincutsof subsectior.2.4.
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Figure54: Thedependencef averageln”| on p;.

The ansatzeg16) and (17) smearedwith EM resolution(18) were fitted to data points with
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Figure55: Ratio of the ansatz(17) smearedvith EM resolution(18) to the datapoints. Here
errorsarecausedy syst.errorin themeasurearosssesctionTable8).

x?/ndf = 0.17 and0.12 respectiely. Fig.55 shows ratio of the smearedansatz(17) to the
datapoints. The errorsare causedy syst. errorin the measurectrosssesction(seeTable 8).
Differencedetweersmearednsatze$16) and(17) arewithin 1%.

Theparameterin expressiong16) and(17) obtainedafterthefit are:
par[0] = (4.68 +1.10) - 10, par[l] = 4.37 £ 0.07, par[2] = 6.44 £ 0.68 (19)
for ansat216) and
par[0] = (1.88 £ 0.64) - 10°, par[1] = 4.05 4 0.17, par[2] = 30.90 £ 9.68, par[3] = —18.44 + 7.37

for ansatA17).

Thefinal unsmearingorrectionis shavn in Fig.56. The errorsaredefinedasdifferencebetween
averagecorrectionbtainedwith ansatze¢16) and(17).

Onecanseethatthe found correctioncanparametrizedy linearfunction f,,sm = A — B - pJ,
with A = 0.971 £ 0.002 and B = (9.061 £ 1.432) x 10~°. Therelative errorcausedy thefit is
0.2%atp, = 23.7 GeVandgrowsupto 0.5%atp, = 258 GeV. But dueto apossibledistinction
of thetrueresolutionfrom (18) acceptedherewe increaseherelative errorsof thefit to 1% for
all points. This correctionwill be takeninto accountto getthe final crosssection®” from eq.

(1).

20) |s is interestingto notethatthis proceduraepeatedor Run| resolution(with C' = 0.004, S = 0.15)
givescorrection0.993 + 0.005.
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Figure56: Dependencef theunsmearingorrectionon p... Linearfitting functionis shovn on
the plot with valuesof its parameters.

C. Variation of crosssectionwith cut on NN,

Let us remindthat the usedANN was trainedon MC signal and backgroundeventsand has
to produce0 in caseof backgroundand 1 in caseof signal events. Thus, naturalchoicefor
a boundarybetweenthesetypesof eventsis middle point 0.5. Thatis why the photonpurity
estimationwasdoneafter applicationof cut’ N N,,.,,.: > 0.5’. Certainly onecanuseatighter
cutsto achieve a higherpurity. But ontheotherhand,errorto the purity would alsoincreasedue
to reductionof statistics{mainly in backgroundanddata).

In Fig. 57 we demonstrateatiosof photonpurity found with N N,y > 0.3 and N Noyyepur >
0.65 to the purity foundwith NN, > 0.5 cut. Only largesterrors(thatcorrespondo tighter
cutin the ratio) are shovn. Ratiosof the final crosssectionsfound with NN, > 0.3 and
N Noutpur > 0.65 to onewith 'middle-point’ cut N N, > 0.5 arepresentedn Fig. 58. Asin
Fig. 57, only largesterrorsareshownn.

FromFig. 58 one canconcludethat the crosssectionis very stablewith respecto variationof
thecuton ANN output.
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Figure57: Ratiosof photonpurity foundwith N Ny, > 0.3 andN Noyepee > 0.65 to thepurity
with N Noypue > 0.5 CUL.
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